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Summary  of Results: 
The research supported by this grant has investigated the photophysics of two-dimensional 
semiconductor nanoparticles. The type of nanoparticles selected for study have fallen into two 
general categorics: tlie group VI B dichalcogenides (MX:, where M=Mo, W; X=S, Se) and the 
group I11 A chalcogenides (Gas, GaSe and InSe). The results obtained on each type of 
nanoparticle will be discussed below. 
MoSZ-type nanoparticles: 
During the funding period of  this grant we completed the spectroscopic characterization of MoSl 
and related types of  nanoparticles. Most of the work was on MoS2, with additional studies on 
MoSeZ? WS? and WeSe, nanoparticles. In order to establish the nature of the size-dependent 
electronic states, we first synthesized several different sizes of MoS2 nanoparticlcs. Each size 
was then characterized by TEM images, electron diffraction and optical spectroscopy. The 
layered structure of  MoS? results nanoparticles having a disc-like niorphology. Electron 
diffraction and static spectroscopic results indicate that the particles are three atoms thick, 
specifically, single S-Mo-S trilayer discs. One interesting and very unusual result was that the 
different sizes of nanoparticles can be synthesized directly or may be synthesized from samples 
of polydisperse nanoparticles. This is not a size selection method, rather, the size distribution of 
the entire polydisperse sample is narrowcd. The ability to do  this indicates that certain 
nanoparticle sizes are thermodynamically favored, that is, these sizes correspond to frce energy 
niiriima. Therniodynamics are often found to play a role in the growth kinetics of nanoparticles. 
However, to our knowledge, this is tlie first observation of specific semiconductor nanoparticle 
sizes coiresponding to themiodynamic local minima and thereby directly detemiiiiing the 
nanoparticle size distribution. By changing the nature of the ligands in solution (and therefore 
bound to the nanoparticle surfaces) i t  is possible to change tlie surface free energy, and therefore 
the size corresponding to a free energy minimum. This sihiation is completely analogous to 
thcrmodynaniic control of  the size distribution of gold particles with adsorbed thiols. In tlie gold 
case, the results have been analyzed in ternis of the surface versus bulk free energies and may be 
semiquantitatively understood by this themiodynamic model. Using the synthetic nictliods that 
we have developed, nanoparticles having djameters of 3.5. 4.5, and 8 nm are easily obtained. 
Static and time rcsolved absorptiori and emission spectroscopy was then used to deterniine the 
polarizations of several optical for each size of nanopartic1e:We find that the cxteiit ofz-axis and 
x.y-plane quantum confinenicnt varics with tiis size of  thc nanoparticle. Specifically, the energy 
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of z-polai-izcd transitions varies much less strongly with nanoparticle diameter than does the 
enersy of x,y-polarized transitions. As a result, the polarization of the lowest observed transition 
is size dependent and that the ordering of the lowest excited states changes as the particle size 
decreases. There is crossover between the lowest transition having z- and x,y-polarization in 8 
nm nanoparticles. Thus, the lowest obscwed trailsition in bulk MoS: is x-y polarized and we 
conclude that the ordering of this transition and the lowest z polarized transition rcverse for 
particles smaller than about 8 nm. These assignments are summarized in the static absorption 
spectra, figure 1, below. 
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Figure I .  Absorption spectra of 3.5 nii i  (dashed curve). S niii (dotied curve) and of a iiiixture of 4.5 and 8 
niii (solid curve) MoS? nanoparticles. The mixture curve corresponds io a MoCI,/( NH,):S synthcsis. shortly after 
injection. A difference curve correspondins to jus! the 3.5 niii nunopariicles is shown in tlie insert. The assigned 
polarizations ol’ihe absorption transitions are also shown. 
GaSe and InSe nanoparticles: 
During the previous DOE grant we developed the basic synthetic method to produce GaSe 
nanoparticles. During the prescnt fundins period we havc further refined this synthesis and 
elucidated much of the spectroscopy and photophysics of these particles. We have also begun to 
apply similar techniques to InSe nanopal-ticles, although the development of this synthesis has 
just begun. 
GaSe naiioparticles are produced by the reaction of trimethyl-galliuni with trioctyl- 
phosphine selenium in a high tcmpcrature coordinating solvent, trioctyl-phosphine. We find that 
the size distributions of the particles niay bejfocused by controlling tlie reactant concentrations. 
Monodisperse particles having sizes from 4 nni to 9 nm may be obtained. Alternatively, by 
controlling thc reactant concentrations. polydisperse samples may obtained. These particles may 
be size segregated by column chroniatoyaphy or size selective precipitation and a very wide 
range of relatively nionodisperse nanoparticles are obtained. Electron diffraction results indicate 
that these particles have a two-dimensional single tetra-layer type structure. TEM images of 2.5, 
4 and 9 nm particles are shown in figure 2, below. 
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The particles have absorption onsets i n  the 360 to 450 nm region, with the smallest 
particles absorbing furthest to the blue. The particles are cmissive, with eiuission quantum yields 
of about 10%. Absorption and emission spectra of 2.5, 4 and 9 nm particles as well as 
approximately 7 nni diameter InSe nanoparticles arc shown in figure 3. below. Thc studies on 
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Figure 2 .  Absorpt ion and eii i ission spectra of GaSe (left) and InSe (r ight)  nanopariicles. The CaSc 
nanoparticlcs have sizes of 2.5  niii (left curve), 4 niii (ccii ier curves) uiid 9 niii ( r ight  curves). The sol id ai id dashed J 
niii curves arc I'or i i io rc  and less polydispersc saiiiples. respeciively. The lnSe nanoparticlcs are about 7 n i i i  i n  
diameter. 
InSe nanoparticles have just begun, and this report will focus 011 tlie spectroscopy and dynamics 
of GaSe nanoparticles. The photophysics and relaxation dynamics of GaSe nanoparticles have 
been studied in room leniperature solutions, using static and time-resolved emission 
spectroscopy. The emission spectrum depends on tlie nanoparticles size, as shown in the figure 
above. This emission is polarized and the anisotropy is largest on the blue edge of the emission 
spectrum. Both tlie total (unpolarized) emission kinetics and tlie emission anisotropy kinetics are 
obtaincd. Static eniission spectra along with wavelength dependent kinetic results pemiit the 
reconstruction of time dependent spectra. The kinetic results show an 80 ps decay component in 
the total emission, but not in the anisotropy decay kinetics. There is a ca. 270 cni-' shift in the 
eniissioii iiiaxiniuni during this decay. This transient is assigned to direct to indirect band edge 
relaxation. This is followed by a 400 ps decay in both the total eniission and the anisotropy 
kinctics. A very small shift (ca. 170 cm") in the emission maximum occurs during this decay. 
This traiisient is assigned to trapping of holes in shallow acceptor levels. Finally, there is a 2.4 ns 
decay of the both the total emission and the einission anisotropy. As this decay occurs, the 480 
nin emission is replaced by a iiiuch weaker, broad and unpolarized 520 niii emission. This decay 
is assigned to relaxation of holes into deep traps. The kinetic results are interpreted in terms of a 
model which is based on the relative energetics of the direct and indirect band edges and tlie hole 
trap states i n  bulk GaSe. This model is summarized in figure 4, below. 
Figure 4. 
various emission processes arc' also indicated. 
Summary of the rclaxalion processes and liiiirfs in GaSc nanoparticles. TIic anisotropies o f  the 
Most recently, we have studied the electron and hole intraband spectroscopy i n  GaSe 
nanoparticles having diameters ranging from 4 to 9 nm. The assignment of tlie observcd spectral 
features is facilitated by the use of femtosecond transient absorption polarization methods. The 
absorption transient are shown in figures 5 and 6, below. The rcsults indicate that tlie transient 
absorption spectrum in the 500 to 700 niii region has a size-independent peak at about 600 nrn. 
Polarization results indicate that tlie absorption anisotropy is small or negative on the blue edge 
of tlie spectrum, and increases with increasing wavelength. The anisotropy reaches a inaxinium 
in the 600 iiin region, and rcniains approximately constant out to 700 nni. Smaller particles 
exhibit sinaller (or inore negative) anisotropies and a larzer wavelength dependence than larger 
particles. 
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Figure 5. Time resolved absorption results obtained at different probe wavelengths. The transient in 
h e  first few picoseconds is due to a four wave mixin:: process. and is not of interesi here. 
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Figure 6. 
following photoexcitation. Squaws .- 4nm. circles - 6 nin. triangles - S nm. 
Absoqition intensities and anisolrupies of different sizes of GaSe nanoparticles obtained 10-30 ps 
These results are interpreted in terms of a simple effective mass model. Due to the 
approximately cylindrical synmietry of these two-dimensional particles, the electron and hole 
states are described by particle-in-a-cylinder wavefunctions and thc optical transitions may be 
calculated fi-om these wavefunctions. Pyridine quenching studies indicate that the absorplion is 
dominated by hole intraband transitions. The quantum confined hole levels and the intraband 
transitions are depicted in  figure 7. These calculations semiquantitatively predict the absorption 
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Figure 7.  
(right) GoSe nanoparticles. “g” and “u” slates ore indicated in black and gray. respectively. 
Calculated hole cnergies and intraband transition oscillalor screngths for 4 nni  (left) and 6 n m  
maximum at 600 nm and qualitatively predict the wavelength dependence of the absorption 
polarization. The absorption peak at 600 nm CoiTesponds the C -+ I: hole transition, calculated at 
15000 cni“ (667 nni). The calculations are also consistent with the size dependence of  the 
anisotropy spectrum. Absorption near the 600 nm maximum is assigned to an out-of-plane hole 
intraband transition, while the transient absorptions to the blue of the maximuin are assigned to 
in-plane electron and hole intraband transitions. The observation of a positive anisotropy at the 
longest wavelengths suggests the presence of a weak underlying, z-polarized electron intraband 
transition at redder wavelengths. 
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